This paper presents new experimental and modeling results on the temporal evolution of atomic oxygen in nanosecond repetitively pulsed O 2 /Ar/H 2 plasmas, measured using the two-photon absorption laser-induced fluorescence technique. The experimental measurements and modeling predictions focus on the effect of injected singlet delta oxygen, O 2 (a 1 g ), which was generated in a radio-frequency discharge. While no effect by singlet delta oxygen was unambiguously observed in the experimental data, modeling predictions indicate that this is due to rapid non-reactive quenching by HO 2 radicals and H atoms.
Introduction and background
Demand for improved combustion technologies is of on-going interest, leading to the development of numerous methods for igniting and stabilizing gaseous flows. Specifically, the study of plasma-assisted combustion (PAC) has attracted attention for being able to produce radicals and excited species in combustible systems at low temperatures (∼300-800 K). This is different from other methods (pilot flames, bluff bodies, coflows) that rely predominantly on thermal energy transfer. PAC techniques have been shown to operate over a wide variety of pressures, flow velocities and equivalence ratios, a thorough review of which has been published recently by Starikovskaia [1] . High peak voltage nanosecond pulse duration discharges offer several advantages over more conventional techniques: dc, radio frequency (RF) and microwaves. These discharges can be operated at high repetition rates (1-100 kHz) and are characterized by their inherently high reduced electric fields, E/n, of several hundred townsend. At these reduced electric fields, a significant fraction of the discharge energy goes into population of excited electronic states by electron impact: N 2 (A 3 ), N 2 (B 3 ), N 2 (C 3 ), as well as molecular dissociation. Due to their high repetition rates, and individual pulse durations that are much shorter than the characteristic time scales for the onset of instabilities, nanosecond pulsed discharges are capable of sustaining large volume, diffuse plasmas at relatively high pressures (0.1-1.0 atm) [2, 3] .
Several fundamental PAC kinetic studies using nanosecond pulsed discharges have been reported in the past several years. Of particular relevance to the work being presented here, Uddi et al [4] found that O atoms in air were primarily created by dissociating ground electronic state O 2 via collisions with metastable excited electronics states of N 2 , a result which is consistent with work done by Pai et al [5] , who studied this species at elevated pressures. Other recent results from nanosecond pulsed discharge combustion studies include an increase in co-flow velocities in ultra-lean premixed CH 4 /air flames [6] and increase in lean fuel flame stability limits in a turbulent, premixed C 3 H 8 /flame [7] . Clearly, nanosecond pulsed discharges produce radicals and metastable excited species that may be utilized in producing increased plasma chemical fuel oxidation rates. However, there is a lack of experimental data available probing the key species and kinetics involved in the possible enhancement processes. Since it can be difficult to measure metastable species directly [8] , especially when they are not present in significant amounts, atomic oxygen measurements provide a valuable and relevant way to monitor the influence of metastable excited species on oxidation kinetics. For example, in air plasmas, atomic oxygen has been shown to be formed by the reaction of O 2 with metastable N 2 species [9] .
In order to determine the effect of a single species or pathway, it is necessary to decouple effects from competing reactions, diffusion and mixing, thermal processes and hydrodynamics [10] .
Recent ) because of a notable increase in radicals that were formed [18] . This paper presents a combination of new experimental and modeling results on the effect of O 2 (a 1 g ) molecules in low temperature, repetitively pulsed non-equilibrium plasmas in a dielectric barrier discharge.
Specifically, atomic oxygen concentration in a nanosecond pulse discharge was experimentally measured as a function of number of highvoltage pulses both with, and without, preferential addition of O 2 (a 1 g ) molecules generated in an auxiliary RF discharge to the system. Kinetic modeling predictions are shown to agree well with the experimental data and provide insight into the plasma kinetic mechanism.
Experiment
The experimental apparatus used in this study is shown schematically in figure 1 . O 2 (a 1 g ) was created in a cylindrical glass cell with an outer diameter of 6.25 mm and a wall thickness of 0.5 mm. A capacitively coupled RF discharge was sustained using an ENI 13.56 MHz, 600 W RF power supply. For the results presented here, the discharge power was between approximately 180 and 220 W, as measured by the power supply power meter. Impedance matching was accomplished using a manual RF tuner from MFJ Enterprises. Two copper ring electrodes were fixed to the outside of the glass tube, with a spacing of 20 mm. This spacing was chosen as it maximized O 2 (a 1 g ) production, while still maintaining a stable discharge.
In nanosecond pulsed plasmas with inherently high reduced electric fields (hundreds of townsend), a very low fraction of discharge energy goes into electron-impact production of O 2 (a 1 g ) in air or N 2 /O 2 mixtures. Specifically, kinetic modeling calculations of electron energy balance in dry air plasma over a wide range of reduced electric fields, E/N = 1-300 Td, using a two-term expansion Boltzmann equation solver [20] (OMA) system that was used is described in detail by Bruzzese et al [3] . The OMA is comprised of a 0.5 m spectrometer, with 600 lines per millimeter grating blazed at 1.0 µm, and an IR camera. The camera (Roper Scientific) is a liquid N 2 cooled 1D InGaAs array with 1024 pixels. Emission signal was collected via a fiber optic cable with a 50 µm core (Thor Labs) that was 1 m long, with a 33 mm diameter collection lens. Calibration of the O 2 (a 1 g ) yield was achieved through comparison of the signal with that from a blackbody source. This source, manufactured by Infrared Systems (IR-564), was set to a temperature of 800 K. A 3 mm horizontal slit was placed directly in front of the vertically oriented spectrometer entrance slit in order to act as a virtual mask in the object plane of the O 2 (a 1 g ) measurement. The mask enables the imaging system to be considered as a point source. Details of the calibration procedure are given in [3] .
In addition to O 2 (a 1 g ) yield, atomic oxygen concentration measurements were conducted in a rectangular quartz channel downstream of the RF discharge (labeled TALIF discharge cell in figure 1 ). The quartz channel has dimensions of 220 mm × 22 mm × 10 mm, with 1.75 mm thick walls. Two copper plate electrodes, 14 mm × 65 mm, were attached to the outside of the channel. The discharge was generated using a custom-designed high-voltage nanosecond pulse generator described in more detail by Takashima et al [22] . The pulse generator operates in what is known as repetitive burst mode, producing pulses with peak voltage of 10-30 kV, duration of 50-100 ns, and repetition rate, for individual pulses with the burst, of up to 50 kHz [22] , with alternating pulse polarity. In the results presented here, a pulse peak voltage of ∼20 kV, temporal FWHM of ∼70 ns, and a repetition rate of 40 kHz were utilized. Burst trains of between 1 and 451 pulses were repeated at 10 Hz, which matched the repetition rate of the Nd : YAG diagnostic laser and insured that the residence time of the gas within the discharge cell was such that the gas experienced a single nanosecond discharge burst. Figure 2 shows typical current and voltage traces of the positive polarity discharge in 40 Torr of the Ar/O 2 gas mixture. To reduce the common mode noise in the pulse voltage and current signals and the stray phase shift between them, the traces were obtained using a custom-made capacitive voltage probe and shunt current probe apparatus as described previously [23] .
Absolute atomic oxygen concentration was measured by two-photon absorption laser-induced fluorescence. The optical setup for TALIF (shown in figure 1 ) is similar to that used previously by Uddi et al [4] and will be described only briefly here. The second harmonic output of an injection seeded, Qswitched Nd : YAG laser (Continuum Surelite III) was used to pump a tunable dye laser (Continuum ND6000). The output of the dye laser, centered around 619 nm, was mixed with the third harmonic output of the Nd : YAG laser in a BBO crystal to generate the necessary 226 nm UV beam for the TALIF measurements. An autotracker device (InRad) was used to control the BBO phase matching angle as the dye laser was scanned across the 2p 3 P → 3p 3 P two photon absorption transition. In order to avoid saturation, the UV beam energy is kept below 750 µJ per pulse and the beam is focused into the plasma region such that the focused beam waist is 1.5 cm downstream of the measurement volume. This arrangement maximized laser fluence while keeping the beam intensity sufficiently low as to avoid saturation (i.e. non-quadratic behavior) effects. This result has been verified experimentally. The single photon fluorescence signal (844 nm) from the 3p 3 P → 3s 3 S transition was 1 : 1 imaged (f /2) onto a standard photomultiplier tube after passing through an 80 nm bandpass filter centered on 850 nm. Signal from argon emission lines around 850 nm was found to be very small compared with the O atom signal, and was subtracted out prior to data processing, based on signal levels measured in pure argon. The PMT signal was then amplified by a factor of 25 and numerically integrated using a programmable digital oscilloscope. A photodiode was used throughout the duration of the measurement to detect diffuse UV light as a method of providing a normalization channel.
Timing of the experiments was controlled using a delay generator from Stanford Research Systems as the master clock. This ensured that the pulser, laser and oscilloscope were triggered consistently with respect to the discharge initiation. Statistical precision in the data, based on the standard deviation of the means in the detected TALIF signal channel and the laser energy normalization channel, was approximately 20%. Relative atomic oxygen concentration was put on an absolute scale through comparison with signal from a known xenon concentration, as described by Niemi et al [24, 25] . Uncertainty in absolute O atom number density was estimated to be approximately 30-40%. This was primarily due to uncertainty in published quenching rates for which, as shown in table 1, a significant variation exists in the literature. Quenching coefficients that were used are marked with an asterisk. Additionally, minor species, such as NO, NO 2 and O 3 were found to have a negligible effect and were thus left out of the calculations. To obtain insight into the kinetic mechanism of plasma/chemical fuel oxidation in the presence of O 2 (a 1 g ), an Ar-O 2 -H 2 -NO x plasma chemistry model was used, based on the results of previous work [31] [32] [33] . Briefly, the model used was based on non-equilibrium O 2 -Ar [31] and air plasma [32] chemistry models, expanded to include hydrogen dissociation processes (both electron impact and collisional) and a hydrogen-oxygen chemistry model developed by Popov [17] . A full list of plasma chemistry processes and hydrogenoxygen chemical reactions that were utilized in the present model are available in [32] and [17] , respectively. The species concentration equations are coupled with the twoterm expansion Boltzmann equation for the energy distribution function of plasma electrons in H 2 -O 2 -Ar gas mixtures, with electron-impact cross sections taken from [34, 35] . The model incorporates the energy equation for the temperature on the discharge centerline [36] , with heat transfer to the walls being the dominant energy loss mechanism.
The high-voltage pulse shape used by the plasma chemistry model was a Gaussian fit to the experimentally measured voltage pulse shape (see figure 2) . The field in the plasma is much lower than the applied field, due to strong shielding of the applied voltage caused by charge accumulation on the dielectric walls after breakdown [37] . This also results in a large fraction of the pulse energy being ultimately reflected back to the load, rather than coupled to the plasma, complicating efforts to accurately measure coupled pulse energy. For this reason, both peak reduced electric field in the plasma and coupled pulse energy were predicted using an analytic model of energy coupling in nanosecond pulse discharge [37] . This model incorporates key effects of pulsed breakdown, plasma shielding and sheath development on the nanosecond time scale. The model predicts pulse energy coupled to the plasma as a function of discharge geometry, pressure, gas temperature and pulse voltage waveform (shown in figure 2 ). For these calculations, electron swarm parameters such as Townsend ionization rate coefficient and electron drift velocity for Ar/O 2 were used. The coupled pulse energy predicted by the model is approximately proportional to number density, i.e. the energy coupled per molecule [19] remains nearly constant, at a value of 0.064 meV/molecule. The coupled pulse energy predicted by the model is in fairly good agreement with the measured value, 0.066 meV/molecule (measured via a capacitive voltage probe and shunt current probe, described in detail by [23] .)
Results
As described above, an RF discharge was used to create
While O 2 (a 1 g ) is known to have a long radiative lifetime, the actual lifetime is much shorter due to collisional quenching. The rate constants at room temperature for quenching due to relevant species are summarized in table 2. Wall quenching was minimized using a short flow path of 0.6 m between the RF discharge region and the high-voltage nanosecond pulsed discharge region; this results in a residence time of approximately 85 ms.
Typical low resolution O 2 (a 1 g ) emission spectra are shown in figure 3 . The red curve corresponds to measurements taken a few centimeters downstream of the RF discharge region (labeled as 'upstream'), while the black and blue curve corresponds to measurements taken in the nanosecond pulsed discharge region while no discharge was present. The difference in black and blue curves is a result of the NO 2 titration. As can be seen from table 2, this both directly removes a rapid O 2 (a ) yield leveling off. Due to the extremely rapid rate of NO 2 +O → NO+O 2 reaction (reaction of equation (3)), this corresponds to an NO 2 concentration approximately equal to that of atomic oxygen created in the RF discharge. Quantitative results are shown in figure 5 , which compares O 2 (a 1 g ) yield in the RF discharge region ('upstream') and in the nanosecond pulsed plasma region for 0%, 0.06% and 0.1% NO 2 added, over a range of pressures. While a significant loss of O 2 (a 1 g ) occurs during the transport to the nanosecond pulsed plasma region, yield of up to 2.5% was obtained at a pressure of 40 Torr, for which TALIF measurements were performed. For all of the TALIF measurements presented in this paper, 0.06% NO 2 by volume was used. As will be discussed in the next section, this implies that essentially all NO 2 was converted to NO prior to the application of the nanosecond pulsed discharge.
Prior to studying the effect of O 2 (a 1 g ) on atomic oxygen formation and loss, TALIF measurements were conducted with the RF discharge turned on and 0.06% NO 2 added to a 20% O 2 in argon gas mixture at 40 Torr. When the nanosecond pulsed discharge was not operated, it was confirmed that no atomic oxygen, to within the detection limit of the TALIF apparatus, was observed. This ensures that the amount of atomic oxygen resulting from laser photodissociation and/or the RF discharge, subsequently transported to the nanosecond pulsed discharge region, was negligible. Figure 6 shows TALIF results for the temporal decay of atomic oxygen in 20% O 2 in argon gas mixture at 40 Torr after a 21 pulse, 40 kHz burst. The predicted decay (solid blue curve) is in good agreement with experimental results (black figure 6 (dotted blue curve) is essentially negligible. Figure 7 illustrates the effect of NO 2 addition on the gas mixture shown above, 20% O 2 in argon at 40 Torr. These modeling results correspond to the concentration of various species in the nanosecond pulsed discharge region both with (bottom) and without (top) NO 2 addition. In these calculations, the initial composition of the mixture ) concentration begins to decay after 100 ms, primarily through collisional quenching, ignoring wall quenching which is not included in the model. When NO 2 was added to the system, however, O atoms were rapidly removed and ozone formation was insignificant. Because of this, O 2 (a 1 g ) was quenched much less rapidly. At these conditions, the rate of O atom removal by NO, reaction of equation (5), is significantly slower than that by the reaction of equation (3). ) was added to the system (blue triangles). It should be noted that the estimated error in this experiment is ±30% (as shown by the indicative error bar on figure 8), and the spread in the experimental data is within that range.
For comparison, figure 9 shows kinetic modeling calculations under the same conditions. In the presence of NO 2 , without O 2 (a 1 g ), O atoms produced in the discharge were rapidly removed through the reaction (3), until NO 2 was converted to NO. After this conversion, further O atom removal became much slower and O atom number density gradually approached the value reached in the baseline case. With O 2 (a 1 g ) generated in the flow by the RF discharge (along with O atoms), NO 2 addition resulted in a rapid, nearly complete, conversion to NO via reaction (3), such that the gas mixture entering the nanosecond pulsed discharge region contained O 2 (a 1 g ) and NO, rather than NO 2 . In this case, the rate of O atom loss by chemical processes was reduced by approximately two orders of magnitude, while the contribution of electron-impact dissociation of O 2 (a 1 g ) into O atom generation was negligible. Therefore, the O atom number density predicted by the model was very close to the one reached in the baseline case. Figure 10 shows experimental results under the same conditions as those described above, with H 2 fuel added to the system at an equivalence ratio of φ = 0.5. The qualitative trends are similar to those in figure 8 . However, the absolute Calculated O atom number density as a function of number of pulses in the discharge burst for the same three cases as in figure 8 (see text) . In the case of 600 ppm NO 2 being added without SDO, there is a noticeably slower rise (red curve).
additional O 2 (a 1 g ) rapidly removes O atoms produced in the discharge by reaction (3), until NO 2 is converted entirely to NO. After this, further O atom removal (by reaction with NO) becomes much slower, and O atom number density (red curve) approaches the value reached in the baseline case (black curve) after ∼200 pulses, see figure 11 (left). The critical effect of NO 2 on O atom reduction was illustrated further when NO 2 was replaced by NO in the calculations. As discussed above, 
Discussion
Examination of the role of O 2 (a 1 g ) molecules in the high-voltage pulsed discharge being studied requires an understanding of the quenching rates of the species by N 2 , Ar, O 2 , O, O 3 , NO, NO 2 , H 2 , H and HO 2 . A body of literature on these rates exists, particularly in [17, 19, 21, 31] . For example, the total rate of O 2 (a 1 g ) reaction with hydrogen is complicated by the existence of reactive and non-reactive reaction pathways. The coefficient α controls the probabilities of the reactive and non-reactive channels shown in (9) and (10). A value of α = 0.2 was recommended by Popov [19] .
In addition to quenching by H atoms, quenching processes by H 2 fuel (reactive) and HO 2 radicals (non-reactive) were considered. Their dominant reactions and rates are given in (11) and (12), respectively.
In figure 11 (right), the effect of removing these quenching reactions from the model can be seen on atomic oxygen concentration predictions. Turning off rapid O 2 (a (9) and (10), i.e. assuming 100% probability of the reactive channel (3) and the absence of non-reactive quenching by H atoms, resulted in an atomic oxygen concentration increase by a factor of approximately 2.5. This difference became apparent after ∼100 pulses in the burst. At large burst sizes (>100 pulses), the flow temperature in the plasma discharge region is predicted to increase gradually to approximately T = 400 K. This leads to the increase in O atom production predicted in figure 11 (right) in the absence of O 2 (a 1 g ) quenching. At this time, there is no temperature data for the conditions measured in this work. However, the coupled pulse energy is very low (0.066 meV/molecule) which leads to the model predicting the temperature rise to be only a few kelvin.
Finally, the analysis showed that under the current conditions, the reaction of equation (11) had almost no effect on O 2 (a 1 g ) kinetics due to the low temperatures in the plasma discharge region (T < 600 K) and high activation energy of the reaction, E a = 17 900 K. Thus, kinetic modeling predicts that it is rapid non-reactive quenching of O 2 (a 1 g ) by HO 2 and H atoms generated in the nanosecond pulsed discharge that results in a significant reduction of O 2 (a 1 g ) number density, such that its effect on O atom concentration becomes very weak.
Conclusions
The production of O 2 
